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Molecular materials of transition metal ions and organic acceptors of the general formula M(TCNX), M =V, Mn,
Fe, Co, Ni; X = Q = 7,7,8,8-tetracyano-p-quinodimethane, E = tetracyanoethylene, are known to exhibit magnetic
ordering resulting from magnetic interactions between the 3d metal orbitals of the paramagnetic metal ion and s*
orbitals of the organic radical spin centers. The reaction of THF solutions of Ul3(THF), with neutral TCNQ and
TCNE instantaneously produce insoluble coordination polymers that can be assigned a formula of [U(TCNX).l,-
(THF),], on the basis of elemental analysis. Similar reactions between (K-18-crown-6)(TCNX) reagents and Uls-
(THF), produce materials with slightly different phase compositions that are structurally distinct from the neutral
TCNQ and TCNE reaction products, as judged by infrared spectroscopy. In all cases the magnetic response of
these materials is consistent with the presence of the U(IV) rather than U(1ll) ion. Voltammetric data obtained for
all the synthetic precursors are consistent with the U(IV)/TCNX radical anion formulation. None of the materials
undergo magnetic ordering, presumably due to the singlet magnetic ground state that results from the U(IV) ion in
a low-symmetry ligand field.

Introduction which form stable one-electron organic radicals at a potential

. L . . 0of —0.33 and—0.35 V, respectively, in THF at a Pt working
Magnetic coordination polymers containing paramagnetic g|actrode versus F€ (Figure 1). Meta- TCNX materials
metal ions linked by organic radicals through coordination are typically prepared by reduction of the organic group by
bonds represent one of the cornerstones of modern magnetq

e . o - X ow-valent metal ion precursot&i! or by reacting salts of
chemistry:~® Such materials often exhibit magnetic ordering, ye organic radicals with metal coordination complexes

even above room temperature, as a result of strong antifer'containing good leaving groupd: 213 The insolubility
romagnetic coupling between spins located in the metal d- structural complexity, and potential for polymorphism of

or f-or_bltals qnd organic radlc_;ah* orbitals. The most _ these materials often prevent the growth of large single
extensive studies of these materials have been performed W|tr1:rystals for analysis, but thece, voec, and vc_rpend)
1] =N =C — en

divalent 3d trﬁnsition metal ions and 7,7,8f—|tetracyano- vibrational modes of the organic radicals provide excellent
quinonedimethane (TCNQ) or tetracyanoethylene (TCNE), spectroscopic markers to monitor their reduction and coor-
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' ' neutral and reduced TCNQ and TCNEnd the magnetic
—— @ Glassy Carbon . . . .
- — @ Platinum - properties of the resulting coordination polymers.

Experimental Section

Unless otherwise noted, reactions and manipulations were
A performed at ambient temperature in a recirculating Vacuum
Atmospheres Model HE-553-2 inert-atmosphere,)(Mrybox
equipped with a MO-40-2 Dri-Train or in a fume hood using
i —3 standard Schlenk and high-vacuum line techniques. Glassware was
—— @Glassy Carbon | dried overnight at 150C before use. Elemental analyses were
—— @Platinum performed at the University of California, Berkeley Microanalytical
Facility, on a Perkin-Elmer Series Il 2400 CHNS analyzer. The
A starting material UYTHF), was prepared according to a modified
i literature procedur&! Caution: Depleted uranium (primarily isotope
238) is a weako-emitter with a half-life of 4.47x 1(° years;
manipulations and reactions should be carried out in monitored
B J . fume hoods or in an inert-atmosphere drybox in a radiation
St N ! E laboratory equipped witlt- and3-counting equipmenPotassium
0.5 0.0 05 10 5 20 metal, TCNQ, and TCNE (Aldrich) were used without further
Potential (V vs [(C;H;),Fe] ) purification. THF (Aldrich) was dried by passage through a double-
Figure 1. Square-wave voltammograms of TCNQ (top) and TCNE column system of alumina (A2, 12 32, Purifry) under nitrogen
(bottom) in~0.1 M [BwN][B(CeFs)4]/ THF at working electrode indicated. pressure, stored over activdtd A molecular sieves, and tested
with Na/benzophenone-ketyl prior to use. 18-Crown-6 (Aldrich)
lanthanide ions form essentially ionic complexes due to the was recrystallized from hot acetonitrile and dried under dynamic
corelike 4f orbitals that are unable to overlap effectively with vacuum before use.
ligand orbitals. Contrary to lanthanide systems, the 5f and Voltammetric data were obtained in the inert-atmosphere drybox
6d orbitals of the light actinides are much less contraéted, described above. All data were collected using a Perkin-Elmer
and there are certain classes of compounds where the 5frinceton Applied Research Corporation (PARC) Model 263
orbitals have been shown to play a significant role in covalent Potentiostat under computer control with PARC Model 270
metal-ligand bonding®2 On the basis of these observa- Scftware. All sample solutions werel=5 mM in complex with
. . . . . . 0.1 M [BuN][B(C¢Fs)4] supporting electrolyte in THF solvent. All
tions, we were interested in preparing uranium organic-

dical ials. Si f | . inid data were collected with the positive-feedback IR compensation
radical materials. Signatures of covalency in actinide SyStemeeature of the software/potentiostat activated to minimize contribu-

have been studied by us and others and should result injon 1o the voltammetric waves from uncompensated solution
stronger magnetic exchange interactions compared to lan-resistance (typically~1 k@ under the conditions employed).
thanide systems. Specifically, the mean field description of Solutions were contained in PARC Model K0264 microcells
magnetic ordering predicts higher ordering temperatuirgs ( consisting of a~3 mm diameter Pt or glassy carbon disk working
for stronger magnetic exchange interactiodjsand greater electrode, a Pt wire counter electrode, and a silver wire quasi-
number of nearest-neighbor spin centezs Where T, = reference electrode. Scan rates from 20 to 5000 mV/s were
2J2)(J + 1)/3kg; ks = Boltzmann’s constarif As such, tri- employed to assess the chemical and electrochemical reversibility
and tetravalent actinides are predicted to exhibit higher of the observed redox transformations. Potential calibrations were
ordering temperatures than their lanthantd&€NX coun- Pefforméd at the end of each data col!ecnon cycle using the
. - . . ferrocenium/ferrocene (F€) couple as an internal standard.
terparts. Comparison of actinigle lanthanide-, and transi- .
. . . . DC magnetic measurementstat= 5 T over the temperature
tion meta-TCNX material ordering temperatures will

id bi h lati h frange 2-350 K (cooled in zero fielda 2 K with measurement on
provide an unambiguous report on the relative strength o warming) and AC measurementstat= 0 T from 100 b 2 K were

magnetic coupling between these materials. made using a Quantum Design superconducting quantum interfer-
Building on our previous work using nitrile-based ligands ence device (SQUID) magnetometer. The samples were sealed in
to prepare uranium(lV) and thorium(lV) complexes that show 5 mm Wilmad 505-PS borosilicate NMR tubes along with a small
spectroscopic signatures of covalent metajand interac- amount of quartz wool to hold the sample in place. Contributions
tions1822ywe now report on the reaction of ¥THF), with to the magnetization from the quartz wool and tube were measured
independently and subtracted from the total measured signal.
(17) Morss, L. R.; Edelstein, N. M.; Fuger,The Chemistry of the Actinide Diamagnetic corrections were made using Pascal’'s constants.
and Transactinide Element3rd ed.; Springer: Dordrecht, 2006; Vol. Infrared spectra were recorded on a Thermo Electron Nicolet
3,p 2111 Avatar DTGS FT-IR spectrometer at 1 chresolution as mineral

(18) Morris, D. E.; Da Re, R. E.; Jantunen, K. C.; Castro-Rodriguez, 1.; " A -
Kip]inger’ J. L_Organometa“ic§oo4 23’ 5142 and references cited O|| mU"S Suspended betWeen KBr plates. BOth magneﬂc and |nfrared

Current (a.u.)
T

Current (a.u.)

therein. spectroscopy samples were prepared in the inert-atmosphere drybox
(19) Ephritikhine, M.Dalton Trans.2006 2501. described above
(20) Diaconescu, P. L.; Cummins, C. @. Am. Chem. SoQ002 124, ’
7660.
(21) Evans, W. J.; Kozimor, S. A.; Ziller, J. Vcience2005 309, 1835. (23) Rossetto, G.; Brianese, N.; Ossola, F.; Porchia, M.; Zanella, P.; Sostero,
(22) Schelter, E. J.; Veauthier, J. M.; Thompson, J. D.; Scott, B. L.; John, S. Inorg. Chim. Actal987 132, 275.
K. D.; Morris, D. E.; Kiplinger, J. LJ. Am. Chem. So2006 128 (24) Golden, J. T.; Jantunen, K. C.; Kiplinger, J. L.; Clark, D. L.; Burns,
2198. C. J.; Sattelberger, A. Pnorg. Synth.2006 submitted.
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X-ray crystallographic data were collected on a Bruker D8 natant was decanted, and the orange crystalline solid was washed
diffractometer, with an APEX Il charge-coupled-device (CCD) with hexanes (4 2 mL) and dried under dynamic vacuum to give
detector and a KRYO-FLEX liquid nitrogen vapor-cooling device. analytically pure4 (0.840 g, 1.95 mmol, 80%). Anal. Calcd for

[U(TCNQ) 2l o(THF) 2], (1). A 125 mL flask was charged with ~ CigH24KN4Og (431.51 g/mol): C, 50.10; H, 5.61; N, 12.98.
TCNQ (0.374 g, 1.83 mmol, 4 equiv) and 75 mL of THF. To this Found: C, 50.47; H, 5.57; N, 13.02. IR (Nujolye=\ (cm?) 2191
clear, green solution solid {ITHF), (0.414 g, 0.456 mmol) was S, 2153 s, 2140 sh.
added with stirring. The mixture immediately changed color to dark  [U(TCNQ) 2l (THF) 2.4, (5). A 125 mL flask was charged with
green and a green precipitate appeared. The mixture was stirred3 (0.567 g, 1.12 mmol, 3 equiv) and THF (50 mL). To the resulting
for 14 h, and the resulting green suspension filtered over a medium-orange solution W(THF), (0.337 g, 0.372 mmol) was added with
porosity frit to isolate crudé as a green solid. The solid was washed  stirring. The mixture immediately changed color to dark green and
with THF (5 x 10 mL) until the washings were colorless and dried a green precipitate appeared. The green suspension was stirred at
for 8 h under dynamic vacuum to giveas an analytically pure  room temperature for 14 h and filtered over a medium-porosity
green solid (0.296 g, 0.283 mmol, 62%). Anal. Calcd for fit to collect a dark brown solid. The solid was washed with THF
Cs2H2412N5OU (1044.42 g/mol): C, 36.80; H, 2.32; N, 10.73. (6 x 10 mL) until the green washings were colorless and dried
Found: C, 36.68; H, 2.15; N, 10.53. IR (Nujolyc=y (cm™*) 2188 under dynamic vacuum fc8 h to give 5 as an analytically pure
S, 2091 syc—c 1506 S;vc-r(hens) 808 w, 824 w, 851 w. brown solid (0.233 g, 0.215 mmol, 58%). Anal. Calcd for

[U(TCNE)2lo(THF) 2] (2). A 125 mL flask was charged with  CayH,41,NgO,5U (1080.48 g/mol): C, 37.79; H, 2.61; N, 10.37.
TCNE (0.278 g, 2.17 mmol, 4 equiv) and 20 mL of THF. To this Found: C, 38.18; H, 2.75; N, 10.10. IR (Nujolyc=y (cm™2) 2181
clear, yellow solution UTHF)4 (0.483 g, 0.532 mmol) was added s, 2091 syc—c 1508 S;vc—H(pend) 824 m, 840 w.
with stirring. The mixture immediately changed color to brown and [U(TCNE) 2l (THF) 1 4 (6). A 125 mL flask was charged with
a reddish-brown precipitate appeared. The mixture was stirred for 4 (0.539 g (1.25 mmol, 3 equiv) and THF (50 mL). To the resulting
72 h, a'md the res_ultin_g reddish-brown suspension filter_ed through orange solution W(THF), (0.377 g, 0.416 mmol) was added with
a medium-porosity frit to collect crud2 as a brown solid. The  girring. The solution darkened and changed color to brown. After

brown solid was washed with THF (6 2 mL) until the washings 5 p, the mixture had become a coffee brown suspension with a brown
were colorless and driedifé h under dynamic vacuum to afford — 55jiq The suspension was stirred for 16 h, and the solid collected

2 as a light brown solid (0.183 g, 0.205 mmol, 42%). Anal. Caled y fitration over a medium-porosity frit, washed with THF 5

for C2O_H16|2N8029 (892'2"?’ g/mol): C, 26.92; H, 1'8111\" 12.56. 3'm|) until the orange-brown washings were colorless, and dried
Found: C,26.94; H, 1.94; N, 11.40. IR (Nujolyc=y (cm™*) 2187 under dynamic vacuum fa h to give 6 as a brown solid (0.208
s, 2149 sh, 2085 s. g, 0.243 mmol, 58%). Anal. Calcd forgH;,1,NgO; sU (856.18

[K-18-crown-6][TCNQ] (3). This material was prepared using  g/mol): C, 25.25; H, 1.41; N, 13.09. Found: C, 24.70; H, 2.04; N,
a modification to the published literature procedtr&reshly cut 9.62. IR (Nujol): ve=y (cm1) 2185 s, 2087 s.

potassium metal (0.088 g, 2.25 mmol) was smeared on the bottom
of a 125 mL flask, and 50 mL of THF was added. With stirring,
TCNQ (0.460 g, 2.25 mmol) was added to this mixture, resulting
in a clear, pale green solution. Immediately after addition of TCNQ,
18-crown-6 (0.610 g, 2.31 mmol) was added to the clear, green
solution, which progressively turned darker green throughout the
course of the reaction. After 36 h, the resulting dark green solution
was filtered through a Celite-padded coarse frit. The filtrate was
collected and the volume of the solution reduced~s—10 mL

and then and placed in-a30 °C freezer. A dark blue crystalline
solid formed, and the supernatant was decanted. The remaining
crystals were washed with hexanesx35 mL) and dried under

Crystallographic Details for 4. An orange crystal (0.14 0.08
x 0.04 mn¥) grown from a concentrated acetonitrile solutiordof
at —30 °C was mounted in a nylon cryoloop using Paratone-N oll
under argon gas flow. The instrument was equipped with graphite-
monochromatized Mo & X-ray source { = 0.71073 A) and
MonoCap X-ray source optics. A hemisphere of data was collected
usingw scans, with 5-s frame exposures and®@radme widths. A
total of 24 302 reflections{32 < h < 32,-14< k< 14,-18<
| < 18) was collected af = 293(2) K in thef range 1.52-25.37
of which 4499 were uniqueR,; = 0.0962). Data collection and
initial indexing and cell refinement were handled using APEX Il

dynamic vacuum to giva (0.703 g, 1.39 mmol, 62%). The infrared software?® Frame integration, including Lorentz-polarization cor-
spectrum of the product is consistent with r,eported valdBiR rections, and final cell parameter calculations were carried out using
(NUjoI): vemy (c-)) 2186's, 2176 s, 2160 sh, 2155/8:.c (cm*i) SAINT+ software?” The data were corrected for absorption using

1504 S;vc_peny 833 M, 838 m, 843 sh a multiscan technique and the SADABS progr@nDecay of
1y VC— en [l y .

. reflection intensity was monitored by analysis of redundant frames.
[; 4138r$1rr$1\(l)v|;l\?\/]a[;c;’;|1§a(r4e)d z;eiﬁggg:tgcrﬁagf :Tzrger;all(\?é?:iim The structure was solved using direct methods and difference
gésk and 50 mL of dry THF was added. With stirring, TCNE Fourier techniques. The TCNE molecules were disordered over two

(0.312 g, 2.44 mmol) was added to this mixture, resulting in a clear positions, and the central carbon atom positions, C(13) and C(14),

yellow solution. Immediately after addition of TCNE, 18-crown-6 were refined as two one-half occupancy posmons._The cyanide
(0.716 g, 2.71 mmol) was added to the yellow solution. Aftex groups of each TCNE component were refined in the same

min, the solution turned orange and continued to darken throughoutpos't'.ons.' Al other hydrogen at_or_ns were treated as idealized
the course of the reaction. After 14 h, the resulting dark orange contributions. A disordered acetonitrile solvent molecule was treated

solution was filtered through a Celite-padded coarse frit. The filtrate W'tg t1h7e18(|)UtEEZE famhty;mt:?ln_lt_?]e pf).roglrarrfl. PLAT?N (5|833,2
was collected and the volatiles were removed under dynamic an i € ?C rons tper ;mlt cel). I? mah rg memer; inc uSte ¢
vacuum to give crudd. Recrystallization from hot THF (5 mL) anisotropic temperature factors on afl non-hydrogen atoms. structure

afforded orange crystals @ Further crystallization was accom-
plished by storing the solution overnight &80 °C. The super-  (26) APEX Il 1.08 Bruker AXS Inc.: Madison, Wl, 2004.
(27) SAINT 7.06 Bruker AXS, Inc.: Madison, WI, 2003.
(28) Sheldrick, G.SADABS 2.03University of Gdtingen: Gitingen,
(25) Grossel, M. C.; Evans, F. A.; Hriljac, J. A.; Prout, K.; Weston, S. C. Germany, 2001.
J. Chem. Soc., Chem. Commuad®89Q 1494. (29) Spek, A. L.Acta Crystallogr.1990 A46, C34.
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- U(TCNQ),!,(THF), (1)
s | . i
g I'ulll U(TCNQ)_| (THF)
3 i .
U(TCNE), | (THF), (2)
T U(TCNE) I (THF),_ (6)
‘;i“ -
5
= 4
g
é - L
2300 2200 2100 2000 1900 1800
- -
. . . l . Energy (cm™)
0.5 0.0 -0.5 -1.0 -1}5.'0 -20 Figure 3. vc=y Stretching region from the IR spectra bf2, 5, and6.

_  Potential (Vvs [(Cofg)Fel ) and suggest that [U(TCN@)Y(THF),]. (1) and [U(TCNE
Figure 2. Cyclic voltammograms of W(THF), (top) and [BuN][l] (THF)]. (2) are the accurate formulas for the compounds.
(bottom) in~0.1 M [BwN][B(CeFs)a)/THF at a glassy carbon working In both iodide i bal the ch fthe tet lent
electrode. n both cases, iodide ions balance the charge of the tetravalen

uranium ions. The low nitrogen result for the C, H, N analysis
solution, refinement, graphics, and creation of publication materials for 2, observed over several measurements, is consistent with
were performed using SHELXTE. reported difficulties in obtaining precise nitrogen analysis

for metak-TCNX materials’:1?

In a similar manner, the reduced organic acceptor &alts
Synthesis.Reaction of UYTHF), with TCNQ and TCNE and 4 react with UE(THF), in THF to produce5 and 6,

immediately produced insolubleand?2, which were isolated  respectively (eq 2). Repeated measurements indicate the
from their respective reaction mixtures by filtration (eq 1).

N N

\ Vi
N N UI(THF), + [K-18-Crown-6* m, [U(TCNQ);1,(THF), 4],
\ 7 tar 7 \ §

Results and Discussion

UL(THF); + )= = ——— [U(TCNQ),1(THF),], 3 58 %, dark brown @
Y \\N 1 N N
N/ % \_7
N N 02 % green a) + [K-18-Crown-6]* >&< THE,  [U(TCNE),l,(THF), 5],
\ 4 THF N// 4 \\N 6
+ ——— [U(TCNE),I(THF),],, 58 %. tan
1\// \\N 2% fmwn materials consistently analyze f6rand6, though complex

6 is sensitive to desolvation, which is reflected in the lower
Efforts to grow single crystals of these materials, including precision of its elemental analysis. The fingerprint regions
slow exposure of reagent solutions, invariably produced of the IR spectra fob and6 differ from 1 and2, respectively,
powders? In the course of the reactions, both the U(Ill) ion while the ve=y regions are very similar to those observed
and iodide ligands provide reducing equivalents for the for 1 and2, confirming the presence of TCNXin 5 and6
organic acceptors in the resulting coordination polymers. As (Figure 3). Despite using the THF-soluble TCN$tarting
shown in Figures 1 and 2, electron transfer from U(lll) to materials, both products contain U(IV) rather than U(lII) ions.
the neutral electron acceptors is expected in these reactiond he source of oxidizing agent for U(lll) in eq 2 is unclear.
on the basis of comparison of the U(IV)/U(IIIF-0.62 Vvs  The moderate yields & and6 could imply involvement of
Fct) couple for UKTHF), and reduction potentials of TCNX'™ as an oxidizing agent, though the final destination
TCNQ and TCNE £0.34 and—0.35 V, respectively) in THF  of reducing equivalent is unknown in the face of the several
(vide infra). Elemental analysis df and 2 are consistent ~ redox-active species present in the reaction mixtures. Com-
with two possible formulas for these materials. One pos- poundsl, 2, 5, and6 are all air-sensitive and discolor over
sibility, [U(TCNX)2l2(THF),],, contains formally TCNX minutes when removed from an inert atmosphere and
ligands, while [U(TCNX) sl(THF)1 g, includes TCNX" to exposed to air.
account for charge-balance considerations. As illustrated in ~ Structure of 4. Although 3 is known?>33-3> 4 has only
Figure 3, the energies of the nitrile stretching bandsifor ~been generated in solution for electron spin resonance studies
and 2, in comparison with reported M(TCNX)materials,

especially V(TCNX),102122support the presence of TChX 2 Y'%k?rr]zrgE gHeSn?.lzbgbl 4D3'.’ Thorum, M. S.; Taliaferro, M. L.; Miller,
(33) Nogami, T.; Morinaga, M.; Kanda, Y.; Mikawa, &hem. Lett1979
(30) SHELXTL 5.10Bruker AXS, Inc.: Madison, WI, 1997. 1, 111.
(31) zhang, J.; Ensling, J.; Ksenofontov, V.; Gutlich, P.; Epstein, A. J.; (34) Nogami, T.; Morinaga, M.; Mikawa, H.; Nakano, H.; Horioka, M.;
Miller, J. S. Angew. Chem., Int. Ed. Engl998 37, 657. Horiuchi, H.; Tokonami, MBull. Chem. Soc. Jpr199Q 63, 2414.
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Table 1. Summary of Redox Properties of Components of U(IV)/
TCNX Coordination Polymers in 0.1 M [BN][B(CgFs)4)/THF

Ey?
(V vs [(CsHs)oFe]™0)
at glassy carbon at platinum commient
“Oxidants”
TCNQY- -0.34 —0.33 reversible at both
TCNQ/2- —1.01 —1.00 reversible at both
TCNEY- —-0.33 -0.35 reversible at GC,
quasi-reversible at Pt
TCNEL/2- —1.40 —1.69 quasi-reversible at GC,
irreversible at Pt
: 301- —0.34 reversible
Figure 4. Thermal ellipsoid plot o# showing the 1D chain structure and 32 —-1.04 quasi-reversible
1,1-N,N)-TCNE linking mode. Ellipsoids are projected at the 30% 4%~ -0.33 quasi-reversible
probability level. The asymmetric unit @f consists of one TCNE anion 4i-l- -1.62 irreversible
linked to a [K-18-crown-6f complex cation. “Reductants”
UV 5(THF), —0.62 reversible
and has not been isolated or characterized crystallographi-ls7/1- ~—0.7 see tegt

36,37 i ; i _ L
cally*>% Crystals suitable for single-crystal X'_ra_y anaIY$|S aDetermined from peak position in square-wave voltammograms.
of 4 were grown from a concentrated acetonitrile solution P Reversibility criteria refer to standard electrochemical nomencldtued

at —30 °C. As shown in Figure 4, compounticrystallizes are based on cyclic_ voItammetri_c dafa-.!alf-wave pote_ntial estimated from _
. . . . average of cathodic and anodic cyclic voltammetric peaks for couple in
in the expected ratio of one potassium ion (complexed by [g,nijj.
the crown ether), to one TCNEradical anion. The structure
of 4 displays a one-dimensional chain of complexed potas- to assess the properties of these redox-reactive species under
sium cations linked by the TCNE through nitroger conditions similar to those employed in the syntheses.
potassium interactions. Interestingly, the chain is formed by Typical voltammetric data are presented for the neutral
1,1-(N,N)-TCNE bridging units instead of the more com- TCNX species in Figure 1 and for &{THF),; and [BuN][I]
monly observed 1,2N,N)-TCNE linkage. This is illustrated  in Figure 2. A complete summary of the thermodynamic
in Figure 4 by the linkages through atoms N(1) and N(2) to redox values for these components and an indication of their
potassium ions, rather than N(1) and N(3). Only one other heterogeneous electron-transfer kinetic properties are pro-
structure is reported to exhibit the 1,1-TCNE linkage t§pe. vided in Table 1.
The closest TCNETCNE interchain distances are greater oy results are in excellent agreement with those published
than 8 A, implying the radicals should exhibit isolat8e= previously for TCNX systems in acetonitrifeand mixed
1/2 magnetic behavior, which is consistent with the magnetic THF/acetonitrile solutior? Specifically, both neutral organic
response fo# at high temperatures (Supporting Information). acceptor ligands can be reduced in two sequential one-
The TCNE™ anions in4 exhibit a 1:1-type disorder at  electron steps (Figure 1). The potential for the first reduction
atoms C(13) and C(14), which renders careful analysis of to generate the radical anion, TCNXis nearly identical
the geometric parameters of the anions problematic (Sup-for both ligands. The second reduction process occurs at
porting Information). Nevertheless, bond distances and anglessignificantly more negative potentials for TCNE than it does
are generally consistent with expectations for a bridging for TCNQ. This second step is reported to generate the
TCNE™ anion. The C(13)C(14) distance i is 1.383(10)  dianion species, TCNX, instead of the diradical species
A, which is comparable to the range of values reported for for both ligands? although the voltammetric data alone are
#-TCNE~ (1.395(7)-1.425(7) A)* Similarly, the C-CN insufficient to distinguish the two possibilities. The differ-
(C(13)-C(17)= 1.505(9) A, C(13)-C(18)= 1.469(9) A)  ences in the electron-transfer kinetic behavior for the two
and C-CNK (C(14)-C(15)= 1.432(8) A, C(14)-C(16)= ligands and as a function of the working electrode substrate
1.490(8) A) distances i are slightly longer than those seen in our work have also been observed in acetonitrile
typically observed for-TCNE™ (C—CN = 1.396(5)-1.430-  solution®® The second reduction step for TCNE is in general
(5) A, C-CNK = 1.392(5)-1.420(7) A) more sluggish than the first reduction step and becomes
Voltammetric Behavior of Polymer Precursors.Volta- irreversible at a platinum electrode in 0.1 M [B{-
mmetric data (both square-wave and cyclic) were collected [B(C¢Fs)4)/THF. The data for the chemically prepared radical
for all the starting materials (WTHF),, TCNQ, TCNE,3, anions,3 and 4, are comparable to those for the neutral
and4) used in the preparation of the coordination polymers, precursors (Table 1) in terms of the redox potentials, although
as well as for [BuN][l] in ~0.1 M [BuN][B(CgsFs)4)/ THF these species in general exhibit more sluggish kinetic
behavior than the corresponding neutral species, presumably

(35) Grossel, M. C.; Evans, F. A.; Hriljac, J. A.; Morton, J. R.; Lepage, reflecting the influence of the [K-18-crown-6jon-pairing
Y.; Preston, K. F.; Sutcliffe, L. H.; Williams, A. 1. Chem. Soc.,

Chem. Commuril99Q 439.

(36) Eastman, M. P.; Ramirez, D. A.; Jaeger, C. D.; Watts, Ml. Phys. (39) Khoo, S. B.; Foley, J. K.; Pons, $. Electroanal. Cheml986 215
Chem.1976 80, 182. 273.

(37) Eastman, M. P.; Chiang, Y.; Bruno, G. V.; McGuyer, C.JAPhys. (40) Kamau, G. N.; Rusling, J. B. Electroanal. Chem199Q 292, 187.
Chem.1977, 81, 1928. (41) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals

(38) Cotton, F. A; Kim, Y.; Lu, JInorg. Chim. Actal994 221, 1. and ApplicationsJohn Wiley and Sons: New York, 2001.
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Table 2. Summary of Characteristic Bands from the Infrared Spectra-df and Related Compounds

compound ve=n (cm™Y) ve=c (cm™1) Ve H(bend)(CM™) ref
TCNQ 2222m 1542 m 858 m 15
[K-18-crown-6][TCNQ] @) 2186's, 2176 s, 2160 sh, 2155 s 1504 s 843 sh, 838 m, 833 m this work
[U(TCNQ)2lo(THF)2]n (1) 2188s,2091 s 1506 m 851w, 824 w, 808 w this work
[U(TCNQ)2(THF)2.5)n (5) 2181s,2091 s 1508 s 840w, 824 m this work
[GdATCNQ)(H20)q][GA(TCNQ)(H20)3] 2177 s a a 12
V(TCNQ)z(CH2Cl)0.84 2190 s, 2088 s, 2024 sh a a 32
Mn(TCNQ), 2205, 2187 s, 2137 sh 1505 s 826 m 7
Fe(TCNQ» 2217 s, 2187 s, 2142 sh 1505 s 827 m 7
Co(TCNQ) 2217 s, 2188 s, 2137 sh 1505 s 827 m 7
Ni(TCNQ). 2224 's,2208 s, 2192 s, 2155 sh 1503 s 829 m 7
TCNE 2262 s, 2228 m, 2214 w 1570 (Raman) 14
[K-18-crown-6][TCNE] @) 2191 s, 2153 s, 2140 sh b this work
[U(TCNE)2lo(THF)2]n (2) 2187 s, 2149 sh, 2085 s b this work
[U(TCNE)al2(THF)1.5]n (6) 2185s, 2087 s b this work
Gd(TCNE} 2219 m, 2181 s, 2154 s a 16
Dy(TCNE); 2220m, 2182's, 2156 s a 16
V(TCNE), 2188 s, 2099 s a 10
Mn(TCNE), 2280 vw, 2224 m, 2181 s, 2171 s a 31
Fe(TCNE) 2279 vw, 2221, m, 2177 s,2174s 2 31
Co(TCNE) 2284 vw, 2230 m, 2187 s, 2167 s a 31
Ni(TCNE), 2290 vw, 2237 m, 2194 s a 31

aNot reported? Not observed. Sample prepared using Nujol mull.

(see Supporting Information). Similar strong influences on data, the existence of both anodic and cathodic waves for
charge-transfer kinetics with changing supporting electrolyte the k™/I~ couple allows a rough estimate of tkg, value
composition have been attributed to such ion-pair effécts. for this process as the average of anodic and cathodic peak

The voltammetric response observed fog(@HF), indi- potentials, as indicated in Table 1. This provides some
cates a reversible oxidation of the metal center and, at moreassessment of the relative reducing capability of the iodide
positive potentials, an irreversible wave of significantly ion under the conditions employed. It is also noteworthy that
greater current amplitude that is attributed to the oxidation the potential region for the iodide oxidation process(es) in
of coordinated iodide ligands (Figure 2). The current in this Uls(THF), is comparable to that for free | as illustrated in
irreversible wave from square-wave scans is approximately Figure 2 (bottom panel).
three times that of the metal-based wave, suggesting that all On the basis of the voltammetric data described above,
three bound1 ligands are oxidized. As shown in Figure 2 either of the potential reductants in the polymer synthesis
(top panel), if the voltammetric scans proceed into the reactions, U(Ill) or I', has sufficient thermodynamic driving
potential range of this latter process, the metal-basedforce to reduce either TCNX acceptor ligand by one electron
reduction component is no longer observed consistent with to the radical anion state. In fact, we confirmed in our system
decomposition of the Wlspecies due to iodide oxidation. that mixing of THF solutions of [BsN][l] and neutral TCNX

To assess the difference in redox behavior of metal-boundimmediately produced the characteristic colors of the radical
versus free iodide ion, data were also collected for afBu anion species, orange-yellow for TCNEnd emerald green
[I] solution. The voltammetric behavior of the iodide ion for TCNQ~, and subsequent voltammetry confirmed that the
under these conditions (Figure 2, bottom panel) is compli- solution rest potentials moved between the two redox waves
cated, but in general consistent with that reported previously illustrated in Figure 1.
for iodide ion in aprotic solverf The first (most negative) Infrared Spectroscopy. Infrared spectra for complexes
oxidation wave is attributed to the oxidation of to I57, 1—-6 were recorded as Nujol mulls. Table 2 lists the observed
and the second oxidation wave is assigned to oxidation of band energies fot—6 in addition to reported values from
I3~ formed in the first wave to,l*> Note that when the cyclic  the literature for related compounds. Of interest in the spectra
scan is reversed immediately after the first oxidation wave, of the TCNQ complexes is the—y stretching region from
a corresponding reduction wave attributed to the reverse~2000 to 2300 cmt, thevc—c stretching mode at 1500
process @ to |I7) is observed. When scans proceed into the 1550 cm?, and thevc—y bending mode at~800-865
second oxidation wave, this reduction wave occurs at the cm1.271244Comparison with the data for neutral TCNQ
same potential but increases in amplitude. This increase inindicates that TCNQ is present in a reduced form for
current can be attributed to the formation of additional | compoundsl and 5, as noted by the shifts of the nitrile
after the second oxidation wave as a result of the strong frequencies to lower energies (from 2262 and 2228 to 2181
association of bulk1 with 1, to form Is~ in a non-redox and 2091 cm! for 1), thevc—c stretches at-1506 and 1508
reaction?® While a stringent thermodynamic value for the cmfor 1 and5 and thevc—y bending energies from 868
formal redox potential of neither of the couples evidenced 851 cm'.27.13 While low, the energies of the two strong
in these data is possible on the basis of the voltammetric ve=y Stretching bands observed fbare very similar to those

(42) Popov, A. |.; Geske, D. HI. Am. Chem. S0d.958 80, 1340. (44) Bartley, S. L.; Bazile, M. J., Jr.; Clerac, R.; Zhao, H.; Ouyang, X.;
(43) Wang, X.; Stanbury, D. Minorg. Chem.2006 45, 3415. Dunbar, K. R.Dalton Trans.2003 2937.
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reported for V(TCNX),*%32and their broadness indicates that 0.25

the TCNQ ligands possess multiple coordination environ- \

ments (Figure 3). Thec=y band energies roughly provide 02} % ﬂ:g:::;};l .

general information on the extent of reduction of TCNQ e '= U(TCNE). 1 (THF). (2)

(> ~2220 cml), TCNQ ™ (~2100-2220 cn1?) or TCNQ* © o015 '-_. + u(TeNa) I (T |r:J_ (5)

(< ~2100 cn1Y),'> with the caveat that-bonding interac- g ",‘ U(TCNE),1,(THF), . (6)

tions of the nitrile groups shift these modes to higher g 01 .

energies, while metal-to-nitrile-back-donation shifts them ~ \

to lower energie$® For the uraniumnitrile metalk-ligand 0.05 [ SRS, e

interactions in the materials reported here, the effect of nitrile RIS T SR

coordination is primarily of a-type, as judged by compari- . AR R

son of the nitrile absorbances for UN=CCH), (2278 0 20 40 60 80 100

cmt) versus free acetonitrile (2249 ci).*> The nitrile band T (K)

energies for, 2, 5, and6 confirm the presence of TCNX

in these materials (Table 2). Furthermore, the similarities of 2 et -

the energies of these bands betwdeand5 and2 and 6 R /""

demonstrates the presence of the U(IV) ion in all these 15

materials. 2 [ e wasasassssbtst1818
Further structural information is garnered through exami- A

nation of the G-H bending regions for the TCNQ materidls. 2 ! :’f;:w;‘““'“" o

For example, compound exhibits a characteristic €H AL « U(TCNG) 1(THF), (1)

bending mode at 808 cry a value definitive for indication I-;‘: os U(TCNE)1(THF), (2)

of the presence of-dimerized [TCNQ-TCNQJ?~.*3 The U(TCNQ)L(THF), , (5)

second C-H bending band at 824 crhis consistent with U(TCNE)L,(THP), ; (&)

TCNQ .13 The bending band fdt at 851 cm* is consistent 0 '

with partially oxidized TCNQ@", lying intermediate between 0 %0 0 15.?. (Kz;u 250 300 350

a fully reduced signature~826-831 cm') and neutral

N 1\ 46 ; . Figure 5. Temperature-dependent magnetic susceptibility data fer Ul
TCNQ (~861 cn11).%® As such, the observed simple stoi (THF)s. 1, 2, 5, and in the range of 1.8350 K.

chiometry of1 belies a structural complexity indicated by

the C-H bending region of its infrared spectrum. The 2
complexity of the structure df is comparable to the single /
reported polymeric f-elemenfTCNQ structure, Gd(IIF)- s :3:’7(;:2,‘|{m;. "
TCNQ, which consists of TCNQ in multiple coordination = «— U(TCNE),|(THF), (2)
modes forming interpenetrated anionic and cationic metal = T UITCNQ),LITHR), ; (5]
) = 1 —— U(TCNE),L{THF),, (6)
TCNQ latticest? s
As mentioned above, comparison of the IR datalfarith
5 reveals a similar number and energy of nitrile stretching 05
bands. However, the €H region of compound exhibits
only one strong and one weak band, consistent with fully 0
. P . . 0 1 2 3 4 5
reduced and partially oxidized TCNQ, respectively. Despite H ()
their similar st0|ch|.ometr|es, the.dlfferences in energies and Figure 6. Field-dependent magnetization data fos@HF)s, 1, 2, 5, and
number of bands in the €H region suggest that and 5 6 collected at 2 K. Lines are a guide for the eye.

comprise distinct polymeric phases. This is consistent with

the different colors observed for these materials. Similarly, simple U(lll) complex, UyTHF),. Analysis of the sum of

the nitrile stretching energies f@r 4, and6 indicate reduced  the magnetic behaviors fdr, 2, 5, and6, especially their

TCNE in all three materials. The comparable number and magnetic moments and absence of magnetic ordering, affords

energies of thec=\ stretching bands fd2 and6 also indicate general conclusions on the gross magnetic structures in these

that TCNE™ is present in both compounds. Characteristic materials. The magnetic data for the compounds immediately

vc—c stretches were not observed for these matetfals. reveal that the behaviors af 2, 5, and6 are all similar to
Magnetism. The magnetic susceptibility responses ofUl  one another, while the trivalent §THF), exhibits signifi-

(THF), and compoundg, 2, 5, and6 are shown in Figure  cantly different behavior. Importantly, compountis2, 5,

5, and field-dependent magnetization data are shown inand6 all show behavior consistent with the presence of a

Figure 6. It is instructive to compare the magnetic behavior U(IV) ion.

of the coordination polymers, 2, 5, and6 with that of the The electronic structure of theZBf(IV) ion is dominated

by electron-electron repulsions and spiorbit coupling

(45) Bagnall, K. W.; Brown, D.; Jones, P.J.Chem. Soc. A: Inorg., Phys.,  such that the ground term for this ion is usually approximated

Theo.1966 1763 as 3H, using theL—S coupling schemé&’ Low-symmetry

(46) Pukacki, W.; Pawlak, M.; Graja, A.; Lequan, M.; Lequan, R.Iirg. . . . o
Chem.1987, 26, 1328. ligand fields acting on thd = 4 term completely lift its
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degeneracy yielding 2+ 1 = 9 ligand-field levels. The  atures® Trivalent uranium possesses a ground Kramer's
predicted high-temperature value for population of all nine doublet such that thg vs T response for U(lll) ions will
ligand-field states of the U(IV) ionisS=1,L =5,J = 4, continue to increase at low temperatures, which is the
g = 0.8) 1.60 emu K mot* (3.58 ug). In general, most  behavior observed for WTHF), (Figure 5). The high-
molecular U(IV) complexes have ligand-field splittings larger temperature value observed for this compound 1.89 emu K
than the thermal energy & = 300 K and a ground-state  mol~! is comparable to reported values for the U(lII) i5n.
magnetic singlet term from these nine states such that theirThe strong temperature dependent decrease gfTtbeoduct
low-temperature magnetic response becomes temperaturéndicates a large ligand-field splitting of this ion. Although
independent! The low-temperature response of such ions the calculated Curie values for U(lll) (3.6&) and U(IV)
achieves a constant value in thevs T data. Residual  (3.58 ug) ions are similar, the low-symmetry ligand field
paramagnetism observed at low temperatures is due to Varpresent in UJ(THF),, 1, 2, 5, and6 allows for differentiation
Vleck temperature-independent paramagnetism (TIP) of thebetween the ions from the magnitude of their magnetic
first excited-state mixing into the ground ligand-field state. susceptibility responses. The differences between the ions
Thermal Boltzmann population of the first excited state (often are further highlighted in the field-dependent magnetization
~200 cn1! above the ground state) gives rise to the observed data for the compounds collectetl 2K (Figure 6). The
high-temperature magnetic moment (often ranging fre@n7 compoundd, 2, 5, and6 all show a small response f0.5

to 1.2 emu K mot?),4” the result of contributions from only  ug typical for the singlet ground state with residual para-
a few of the lowest lying ligand-field states yielding orbital magnetism from state mixing for the U(IV) ion (and

magnetism. presumable some fraction of undimerized TCN)X while
Compoundsl, 2, 5, and 6 exhibit high-temperaturgT Ul3(THF), has a much larger response consistent with a
values from 1.25 to 1.46 emu K mdl At this high- ground state possessing a first-order Zeeman effect. The sum

temperature limit the compounds are expected to behave agotal of the magnetic data provide clear indication that
magnetically isolated spin centers. As such, the predictedcompoundsl, 2, 5, and 6 contain only U(IV) ions. AC
contributions from the organic radicals should bg 2.375 susceptibility experiments performed on them at 1000 Hz

= 0.750 emu K mol* (the Curie value for two isolate8= in H = 0 with a 3 Oedriving field from 100 b 2 K reveal
1/2 spin centers). This condition places lower limit values that none of the compounds undergo magnetic ordering. The
of the contribution of the U(IV) ions of, 0.712, 0.68;5, lack of magnetic ordering i, 2, 5, and6 is presumably

0.50; and6, 0.50 emu K mol! at 350 K. These values are due to the singlet magnetic ground state of the U(IV) ion,
lower than those typically observed for U(IV) com- similarly noted for the three-dimensional oxalate material
plexes??4748 perhaps indicatings- or z-dimerization of KoMnU(C,04)4-9H,0 50

TCNX in these materials, which would attenuate the

contribution of the two organic radicals per empirical formula Conclusions

unit at high temperatures. This contention is supported by

the observation of therc_i eng) Signature for [TCNG- Reactions of UJTHF), with both neutral and reduced

TCNQP- in 1. As expected, the approximajd product organic acceptors TCNE and TCNQ yigld coordirlation
values for the U(IV) ions indicate that the ligand-field ]Elolymersf. In all cases th?hma:jeflalj, exhibity stretching
splittings in these compounds are larger than the thermal' cdUeNCIes con.s;]stent W": TreNL;é:e TCN)érganr:c accep-
energykT in the high-temperature limit of this experiment, tOrS- Starting with neutral TCNX precursors, the reactions

They vs T data forl, 2, 5, and6 increase with decreasing W'tth UI?’gII-HFg“ resflﬂt Il\r} Tr?tfl Oﬁ!g_"z‘“olf‘ pr(()jd#cllgg Cooredt'.'
temperatures then level off and achieve constant values. Thig'a1on Polymers o (IV) that exhibit a ligand-field magnetic

low-T behavior is consistent with a contribution dominated single_t ground state. These materials do not exhibit magn_etic
by the U(IV) ion. The dominance of the U(IV) signal is ordering, presumably due to Fhe presence O.f the U(IV) ion
further evidence for reduction of the contribution of the two and/or the presence of or 7t—d|.mer-|zed organic acceptor;.
S = 1/2 TCNX— spin centers (from the formula units Efforts to preserve the U(lll) ion in the resulting material

assigned above) from significant portions of dimerized ( W'th the use .Of reducgd TCN.X starting matenal; also .
and/or 7) TCNX units in these materials. This is also yielded materials consistent with tetravalent uranium, evi-

evidence for a more complex structure of the materials than denced byvc=y stretching m_oc_it_es, voltammetric data, tem-
indicated by their simple empirical formulae. Th& vs T per_atur_e-dependent suscepiibility, and Iow-temperatu_re_ mag-
data decrease with temperature and approach the expecteaetlzatlon data, though the fate of the chemical oxidizing

value of zero at low temperatures (Figure 5) from the primary agent n these react_|ons remains unclear. The “'“mate
U(IV) signature. production of a uranium molecular magnet will require

The magnetic singlet ground state of U(IV) observed for pairing with a suitable organic acceptor that maintains the

125, ands s el contasted wih s ground erm (L 0 1% OXKeon sele Bt 2 Bagrent
from the 5f configuration of the U(lIl) ion at low temper- 9 ' ' ping.

be uncompensated by the organic spin.

(47) Boudreaux, E. A.; Mulay, L. NTheory and Applications of Molecular

ParamagnetismWiley: New York, 1976; p 512. (49) Castro-Rodriguez, I.; Meyer, KChem. Commur2006 1353.
(48) Kiplinger, J. L.; Pool, J. A.; Schelter, E. J.; Thompson, J. D.; Scott, (50) Moertl, K. P.; Sutter, J.-P.; Golhen, S.; Ouahab, L.; Kahnlnorg.
B. L.; Morris, D. E. Angew. Chem., Int. EQR006 45, 2036. Chem.200Q 39, 1626.
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